Hox genes have been implicated in the evolution of many animal body patterns, but the molecular events underlying trait modification have not been elucidated. Pigmentation of the posterior male abdomen is a recently acquired trait in the Drosophila melanogaster lineage. Here, we show that the Abdominal-B (ABD-B) Hox protein directly activates expression of the yellow pigmentation gene in posterior segments. ABD-B regulation of pigmentation evolved through the gain of ABD-B binding sites in a specific cis-regulatory element of the yellow gene of a common ancestor of sexually dimorphic species. Within the melanogaster species group, male-specific pigmentation has subsequently been lost by at least three different mechanisms, including the mutational inactivation of a key ABD-B binding site in one lineage. These results demonstrate how Hox regulation of traits and target genes is gained and lost at the species level and have general implications for the evolution of body form at higher taxonomic levels.
INTRODUCTION
Many animal bodies are constructed of serially homologous parts, such as segments, somites, vertebrae, and appendages. In the course of evolution, the number and morphology of these structures have undergone dramatic diversification (reviewed in . Understanding the genetic regulatory mechanisms that govern the differentiation of serially homologous parts is central to understanding both the development and the evolution of animal forms.
Hox genes control the development and differentiation of several types of serially homologous structures (reviewed in Carroll et al., 2005) . A large body of evidence has implicated changes in the regulation of Hox genes (Warren et al., 1994; Averof and Akam, 1995; Burke et al., 1995; Averof and Patel, 1997; Stern, 1998; Belting et al., 1998; Telford and Thomas, 1998; Cohn and Tickle, 1999; Abzhanov et al., 1999; Mahfooz et al., 2004) and of the target genes they control (Warren et al., 1994; Carroll et al., 1995; Lewis et al., 2000; Tomoyasu et al., 2005) in the evolution of animal diversity. However, despite their prominent roles in development and evolution, knowledge of the scope and mechanisms of target regulation by Hox proteins is incomplete in several crucial respects (Mahaffey, 2005; Pearson et al., 2005) . First, while Drosophila melanogaster is the best studied model species, only a modest number of direct Hox-regulated target genes have been identified (Pearson et al., 2005) . Second, nearly all identified target genes encode signaling proteins or transcription factors that act by regulating the expression of other genes (Pearson et al., 2005) . It is not clear to what degree Hox proteins also directly regulate terminal differentiation genes and phenotypes in vivo. Third, for some Hox proteins, such as Abdominal-B, no direct target genes have been characterized. And finally, despite the inference that the sets of target genes regulated by individual Hox proteins have diverged between homologous structures (Warren et al., 1994; Carroll, 1995; , the evolutionary gain or loss of Hox regulation of individual genes has not been directly demonstrated at the molecular level.
Understanding how Hox-regulated target genes and traits evolve requires both the identification of direct target genes and an evolutionary framework upon which the evolution of the Hox-target interaction can be reconstructed. Toward this end, we have analyzed the development and evolution of a Hox-regulated trait in Drosophila. In D. melanogaster, the male has fully pigmented tergites in the fifth and sixth abdominal segments (A5 and A6), whereas the female's tergites have only a narrow pigment stripe (Figures 1B and 1C) . This sexually dimorphic pigmentation pattern is controlled by a genetic regulatory circuit involving the Hox gene Abd-B. Loss-of-function mutations of Abd-B cause the loss of male-specific pigmentation, while gain-of-function alleles, such as Abd-B
Mcp
, cause the expansion of pigmentation to the A4 segment (Celniker et al., 1990; Hopmann et al., 1995;  Figure 1E ) or even to the thorax (Abd-B
Tab
; Celniker and Lewis, 1993) . Two other loci, bric a brac (bab), which encodes the related transcription factors BAB1 and BAB2 (Couderc et al., 2002) , and doublesex (dsx), which encodes a transcription factor with a male- (DSX m ) and a female-specific (DSX f ) isoform (Burtis, 1993) , function to repress male-type pigmentation in the female abdomen. Loss of these gene functions causes ectopic pigmentation of the female A5 and A6 segments (Baker and Ridge, 1980; Couderc et al., 2002 ; Figure 1D ). The sexually dimorphic pigment pattern depends upon regulatory interactions among the Abd-B, bab, and dsx genes (Kopp et al., 2000) . Genetic analyses suggest that ABD-B has dual functions in promoting male-specific pigmentation: It appears to positively regulate the melanin pattern, and it represses the expression of both bab genes in the A5 and A6 segments. In females, the repressive action of ABD-B on bab is overcome by the DSX f protein, which promotes sufficient bab expression to suppress posterior pigmentation (Kopp et al., 2000) .
In the genus Drosophila, many species show differences in pigmentation traits. Pigmentation of the posterior male abdomen is a trait found in many members of the melanogaster species group but not in several other major groups. The dimorphic regulation of bab expression is closely correlated with dimorphic pigmentation (Kopp et al., 2000) as well other pigmentation patterns (Gompel and Carroll, 2003) . It is not known, however, which regulatory interactions among Abd-B, bab, dsx, and pigmentation genes are direct and which are indirect.
Here, we show through biochemical and transgenic analyses that ABD-B directly activates the expression of the yellow gene in the male A5 and A6 segments through binding sites in a specific cis-regulatory element (CRE) of the yellow gene. Furthermore, we demonstrate that ABD-B regulation of the yellow gene evolved in a common ancestor of the melanogaster species group and that mutational inactivation of a key ABD-B binding site occurred within the D. kikkawai lineage that has lost dimorphic pigmentation. These results demonstrate that Hox proteins do directly regulate terminal phenotypes and that the gain and loss of Hox regulation occur at the level of individual species through modifications of CREs.
RESULTS
The cis-Regulatory Region Controlling yellow Expression in the Abdomen The Yellow protein is expressed in the pupal epidermis in a striped pattern near the A/P compartment boundary in all abdominal segments of developing females, in segments A1-A4 of developing males, and in a broad intense pattern throughout the anterior of segments A5 and A6 of males. This pattern foreshadows the melanin pattern of the adult flies (Wittkopp et al., 2002a) . In order to dissect the regulation of yellow expression in the abdomen, we first identified cis-regulatory sequences necessary for accurate gene expression.
Genetic analysis has identified a region of the yellow locus required for gene function in the abdomen (Geyer and Corces, 1987) , and molecular studies have identified different regions of the yellow gene that govern expression in several structures, including the body, wings, and bristles (Wittkopp et al., 2002b) . We noted, however, that a previously described 1.4 kb CRE (Wittkopp et al., 2002b) , when placed upstream of a reporter gene, did not precisely recapitulate the native Yellow expression pattern in the abdomen: The contrast between expression in the more anterior portion of each segment and the stripe near the A/P compartment boundary was diminished, and the higher levels of expression in male segments A5 and A6 was less pronounced (data not shown). To determine whether additional sequences flanking this CRE could contribute to the fidelity of reporter-gene expression, we tested the activity of a 2.6 kb fragment located 269 bp from the 5 0 end of the yellow transcription unit ( Figure 1A ). This region includes some regulatory sequences that contribute to gene expression in the wing. This element, termed the wing/body (wb) element, drove robust, sexually dimorphic expression of enhanced green fluorescent protein (EGFP) in the pupal abdomen and a sharp, striped pattern in the A1-A6 segments of females and A1-A4 segments of males ( Figures 1F and 1G) , thus recapitulating the native Yellow expression pattern.
If the sexually dimorphic pattern of the wb element is regulated by Abd-B and bab, its expression should be modified differently in mutants for these genes. In females with one mutant copy of the bab locus, the activity of the wb element was fully derepressed in A6 and partially derepressed in A5, which correlated with the male-type adult pigmentation pattern of the same genotype ( Figures 1D  and 1H ). In addition, the wb element responded to the Abd-B
Mcp gain-of-function allele-male-specific expression of EGFP was expanded to the A4 segment in mutant males ( Figures 1E and 1I ). These findings show that the wb element and, hence, the yellow gene are transcriptionally regulated, directly or indirectly, by both Abd-B and bab activities.
Identification of an ABD-B-Responsive Element
In order to determine whether regulation of yellow might be direct, we sought to identify regions within the wb element that were ABD-B-responsive. We first determined whether smaller regions of the wb element were sufficient to drive sexually dimorphic expression of a reporter gene. A 1.6 kb portion of the wb element lacking the 1.0 kb 5 0 -most sequence that contains the wing CRE (Geyer and Corces, 1987; Wittkopp et al., 2002b; Gompel et al., 2005) drove elevated EGFP expression throughout the A1-A4 segments as well as robust expression in A5 and A6 in males (Figures 2A and 2B ). We shall refer to this 1.6 kb element as the body CRE.
We then made a series of deletion constructs for six subregions of the body CRE (BED1-BED6) to determine which subregion (or subregions) was necessary or sufficient to drive sexually dimorphic expression (Figure 2A ). Only BED3 males lost the male-specific expression of EGFP in the A5 and A6 segments, demonstrating an essential role of this region (Figures 2A and 2C ). To determine whether the BE3 cis-regulatory region is also sufficient for the response to ABD-B, we made a set of constructs that contained BE3 and/or adjacent regions and examined reporter expression in the pupal abdomen ( Figure 2A ). All five BE3-containing constructs, including BE3, , express EGFP in a male-specific pattern at varying levels and respond to the Abd-B
Mcp allele (right column in Figure 2A ; Figures   2D-2I ). The BE3 region alone drove weak reporter expression in A5 and A6 ( Figure 2F ), while the BE3-6 region drove strong expression ( Figure 2H ) that was responsive to Abd-B ( Figure 2I ). These results suggest that the BE3 subregion is required for the response to ABD-B and that the BE3-6 region contains the cis-regulatory sequences required for robust male-specific activation of the yellow gene. 
Direct Regulation of the yellow Gene by ABD-B
We next examined whether the ABD-B protein directly activates the yellow gene through interaction with binding sites in the body CRE. We systematically searched for ABD-B binding sites in vitro by DNase I footprinting of all six subregions (BE1-BE6) with the purified ABD-B homeodomain (HD). We identified four sites that were strongly and specifically protected by ABD-B; all four putative binding sites were clustered together within the BE3 region ( Figure 3A ; BS4, BS5, BS6, and BS7). BS5 contains a TTAC motif and BS7 contains two overlapping TTAT motifs (which is the preferred core binding site for ABD-B; Ekker et al., 1994) , but the other two sites do not contain any potential core sequence for Hox proteins (Ekker et al., 1994 ) ( Figure 3B ). In order to confirm ABD-B binding to these sites, electrophoretic mobility shift assays (EMSA) were performed using four overlapping oligonucleotides containing pairs of putative sites. The short sequence between BS5 and BS6 is not required for ABD-B binding (data not shown), so we made substitutions in each putative core binding site sequence in the context of either the BS45 or the BS67 oligonucleotide ( Figure 3B ). Analysis of ABD-B binding to the wild-type and mutated oligonucleotides indicated that only mutations in BS5 and BS7 reduced ABD-B binding ( Figure 3C ). The footprinting of BS4 and BS6 appears then to be a consequence of ABD-B binding to the adjacent bona fide BS5 and BS7. To test whether BS5 and BS7 are required for the function of the CRE in vivo, we introduced mutations into the core sequences of both binding sites within the BE3-6 element (KO[ABD-B]; Figure 3B ). Disruption of these sites completely abolished male-specific expression of reporter expression in segments A5 and A6 (compare Figures 3D  and 3E ), demonstrating that the yellow gene is directly regulated by the ABD-B Hox protein.
Evolution of Posterior Pigmentation in the melanogaster Species Group
In order to trace the evolution of ABD-B regulation of yellow expression and make an informative choice of species for further study, we first considered the evolutionary history of male-specific pigmentation in Drosophila. The melanogaster species group includes three major clades: the Oriental lineage (to which D. melanogaster belongs), the montium subgroup, and the ananassae subgroup (see Figure S1 in the Supplemental Data available with this article online). Ancestral character reconstruction indicates that male-specific pigmentation is the most likely ancestral state in the Oriental lineage (posterior probability of dimorphically pigmented ancestor 97% ± 2%; Figure S2 ) and the melanogaster species group (probability of dimorphic ancestor 84% ± 8%; Figure S2 ). Furthermore, the male-specific repression of bab expression is widespread throughout all three clades (Kopp et al., 2000) , suggesting that dimorphic regulation of bab was present in the common ancestor of the entire melanogaster species group. Most species outside of the melanogaster group, including members of the obscura, willistoni, and saltans groups, do not exhibit male-specific pigmentation of A5 and A6. Thus, male-specific pigmentation appears to have arisen once in the melanogaster species group, and the absence of male-specific pigmentation in species such as D. bipectinata, D. kikkawai, and D. santomea (Figure 4 ) is due to subsequent losses of the trait.
This trait history should be reflected in the molecular genetic architecture of trait formation. The identification of the ABD-B-regulated body CRE of the yellow gene offers the opportunity to trace when ABD-B regulation was gained, or lost, during the evolution of Drosophila lineages. Therefore, we selected several potentially informative species for further study based upon their pigmentation patterns and phylogenetic relationships (Figure 4) Figures 5L and 5M ). Based upon the phylogenetic relationships among these species (Figure 4) , the most parsimonious explanation for the shared responsiveness of the D. santomea, D. biarmipes, and D. bipectinata CREs to Abd-B is that the common ancestor of all of these species possessed an ABD-B-responsive CRE and therefore, as we inferred above, was likely to have been dimorphically pigmented. However, while D. kikkawai is descended from the same ancestor, the kik body CRE drives only monomorphic reporter expression ( Figures 5D and 5I ) and does not respond to ectopic Abd-B activity ( Figure 5N ). Therefore, the absence of male-specific pigmentation in D. kikkawai could be due to the loss of ABD-B regulation, whereas the losses of pigmentation in D. bipectinata and D. santomea must have a different mechanistic basis. In order to trace the fate of ABD-B regulation of the body CRE in detail, we examined the CREs from these species for ABD-B binding sites, focusing in particular on a region that is shared in all species and contains the functional ABD-B sites identified in D. melanogaster ( Figure 6A ).
Evolution of ABD-B Binding Sites in the body CRE When compared to the BS5 and BS7 sequences of D. melanogaster, base substitutions have occurred within these sites in some species ( Figure 6A) . We tested the effect of sequence divergence on the DNA binding affinity of ABD-B HD protein through EMSA experiments with oligonucleotides containing each binding site. We found that changes in the sequence of BS7, and not BS5, that altered binding by ABD-B were correlated with the divergent function of the CREs when tested in D. melanogaster.
For example, BS5 is perfectly conserved between D. kikkawai, D. santomea, and D. melanogaster and differs only at a single base in D. biarmipes ( Figure 6A ). ABD-B binds to all four of these sequences equally well ( Figure 6B , left). However, in D. kikkawai, BS7 contains two base substitutions ( Figure 6A ) that diminish ABD-B binding ( Figure 6B, right) . In order to test whether these base changes within the ABD-B binding sites of the D. kikkawai body CRE could account for the loss of male-specific reporter expression in A5 and A6, the TT/CC point mutations were introduced into BS7 of the D. melanogaster BE3-6 element. We found that the mutated CRE completely lacked activity in the abdomen ( Figure 6C ). Thus, mutation of these sites alone is sufficient to inactivate an otherwise functional element. In order to test whether these substitutions account fully for the unresponsiveness of the D. kikkawai CRE to Abd-B, we also made the reciprocal substitution of the D. melanogaster TT sequence into the CC sites of the D. kikkawai CRE. These substitutions did not restore posterior expression ( Figure 6D ). This result indicates that other functional sites (e.g., for cofactors) have also diverged in the D. kikkawai CRE, which should be expected if selection for their maintenance has been relaxed. Together, these reciprocal substitutions indicate that mutations in ABD-B BS7 and other sites in the D. kikkawai CRE contributed to the evolutionary loss of ABD-B regulation of this element.
The evolutionary loss of male-specific pigmentation has occurred by different mechanisms in the D. bipectinata and D. santomea lineages. The bipectinata body CRE drove male-specific reporter expression in A5 and A6, and BS7 was bound well by ABD-B, despite a single base substitution ( Figures 6A and 6B ). However, it is known that another regulator of pigmentation, the product of the bric a brac2 (bab2) locus-a repressor of pigmentationis not expressed dimorphically in D. bipectinata as it is in In most species within the melanogaster group, male-specific pigmentation is present (as in D. melanogaster and D. biarmipes), whereas most species outside of this group lack sexually dimorphic pigmentation in the A5 and A6 segments. Losses of male-specific pigmentation are observed in several lineages of the melanogaster species group, including D. santomea and D. bipectinata, which lack pigmentation, and D. kikkawai, which is monomorphically pigmented in a striped pattern. Phylogenetic tree of the seven species studied here is based on data presented in Figure S1 . D. subobscura and D. pseudoobscura are in the obscura species group, which is sexually monomorphic and displays intense abdominal pigmentation. the other members of the melanogaster group studied here (Kopp et al., 2000) . Thus, we deduce that the change in bab2 regulation in the D. bipectinata lineage can account for the loss of male-specific pigmentation in that lineage.
In D. santomea, however, BAB2 expression is dimorphic (Gompel and Carroll, 2003) . Furthermore, note that BS5 and BS7 are perfectly conserved in the D. santomea body CRE ( Figures 6A and 6B) , which drove dimorphic reporter expression in D. melanogaster ( Figure 5G) . Thus, the loss of pigmentation in this species is not due to evolutionary changes in bab or yellow but must be due to the evolution of other loci, which is consistent with genetic analysis (Llopart et al., 2002; Carbone et al., 2005) .
The inference that the common ancestor of D. kikkawai, D. santomea, and D. bipectinata had an ABD-B-responsive CRE places the origin of ABD-B regulation at or before the common ancestor of the melanogaster species group. To further delimit the origin of ABD-B regulation of the yellow gene, we examined the activity of the D. subobscura body CRE in D. melanogaster. This CRE drove broad expression of the reporter in all abdominal segments, with, unexpectedly, slightly elevated expression in the male A5 and A6 segments ( Figures 5E and  5J ). The elevated expression raised the possibility that the D. subobscura CRE might also be responsive to Abd-B. This was indeed the case, as reporter expression was modified in the Abd-B
Mcp mutant ( Figure 5O ). Alignment of the body CREs from the five melanogaster group species and D. subobscura, as well as D. pseudoobscura, revealed that, while there is extensive sequence divergence between the two species groups' body CREs, several shared blocks of colinear sequence exist ( Figure S3 ). These findings indicate that the common ancestor of the obscura and melanogaster groups possessed a body CRE that may have also been ABD-B responsive. However, because no significant sequence similarity was found between these body CREs and the body CREs of D. willistoni, D. virilis, or D. grimshawi, and because these elements showed no sign of responsiveness to Abd-B in D. melanogaster (data not shown), ABD-B regulation of yellow appears not to predate the common ancestor of the obscura and melanogaster groups.
To examine whether ABD-B regulation of the D. subobscura CRE might be direct, we inspected the sequences of BS5 and BS7 in the obscura group. Both of the obscura group species' CREs contained numerous substitutions in BS5 ( Figure 6A ) that abolished binding by ABD-B ( Figure 6B ). Both species also contained the same three base substitutions in BS7 ( Figure 6A ), which was bound weakly by ABD-B ( Figure 6B ). To test whether the subobscura BS7 might be functional in vivo, we inserted these three base substitutions into the BS7 of the D. melanogaster CRE and tested the activity of the mutated element in vivo. The mutations reduced but did not abolish reporter expression in A5 and A6, indicating that the BS7 is functional and could account for the ABD-B responsiveness of the D. subobscura CRE ( Figure 6E ). This observation is consistent with an origin of some degree of ABD-B regulation of the body CRE in a common ancestor of the obscura and melanogaster species groups.
It is important to note that mere binding of ABD-B to a sequence in vitro does not equate with activity of a site in vivo. The D. kikkawai BS7 sequence was bound weakly by ABD-B in vitro but was inactive in the context of the D. melanogaster CRE. The D. subobscura BS7 sequence was also bound weakly in vitro but was active in vivo. The most likely explanation for this difference in activity concerns the orientation of ABD-B binding sites in each BS7 sequence. In the D. kikkawai BS7, one of two TTAT core sequences is eliminated and one remains ( Figure 6A ). In the D. subobscura sequence, both TTAT core sequences are absent, but the T/A substitution creates a new TTAT core sequence on the opposite strand ( Figure 6A ). Thus, while the affinity of ABD-B binding appears equivalent ( Figure 6B ), the protein is contacting different bases in a different orientation, which clearly has different consequences for CRE function in vivo ( Figures 6C and 6E) .
DISCUSSION
We have shown that the Abdominal-B Hox protein directly activates the expression of the yellow pigmentation gene through specific binding sites in the body CRE. Furthermore, ABD-B regulation of yellow expression and pigmentation appears to have originated in a common ancestor of the melanogaster and obscura species group and was subsequently lost in the D. kikkawai lineage, at least in part through mutational inactivation of a key ABD-B binding site. These results bear on our general understanding of the architecture and evolution of Hox-regulated genetic circuits and how Hox proteins regulate the formation and diversification of body patterns.
Hox Regulation of Traits and Target Genes
The functions of homeotic genes in the development of body parts have long been viewed as operating at the top tier of a hierarchical process. In the conceptual framework first formulated by Garcia-Bellido (1975) , individual Hox genes act as ''selector'' genes that direct the differentiation of initially similar developmental fields along one of several alternative paths. They were envisioned to operate by regulating the activity of teams of ''realizator'' genes that determine the size and shape of individual structures. The reaper gene, which encodes a cell-deathpromoting protein, is one such realizator that affects segment shape (Lohmann et al., 2002 ). It has not been shown previously whether realizator genes also include structural genes involved in terminal cell differentiation. Most direct Hox-regulated target genes identified thus far encode transcription factors and signaling proteins that act by controlling the expression of other genes (Pearson et al., 2005) . Our results show that Hox regulation of morphological traits is not strictly hierarchical in that direct Hox regulation of genetic circuits extends to the level of terminal differentiation genes.
We did not anticipate that ABD-B regulation of pigmentation patterns would be mediated by the direct control of pigmentation genes. Throughout the melanogaster species group, sexually dimorphic pigmentation patterns correlate with dimorphic regulation of the bab locus (Kopp et al., 2000) , which depends on Abd-B function. Therefore, we initially inferred that bab and perhaps other regulatory loci were interposed between Abd-B and pigmentation genes. The available evidence suggests that BAB regulates yellow indirectly, through the regulation of other transcription factors.
Evolution of ABD-B Regulation and Male-Specific Pigmentation
At least three regulatory interactions have evolved for the expression of male-specific pigmentation of the A5 and A6 segments: the direct control of pigmentation genes by ABD-B, the sexually dimorphic regulation of bab, and the repressive function of bab on abdominal pigmentation. Our analysis of the evolution of the body CRE sequence and function and previous studies of bab expression (Kopp et al., 2000; Gompel and Carroll, 2003) enable us to map the evolutionary gain and loss of these interactions onto the history of the species considered here (Figure 7) . To do so, we must first infer the state of regulatory interactions in common ancestors of these species.
Based upon the distribution of ABD-B binding sites, ABD-B-responsive body CREs, and dimorphic BAB regulation, we infer that all three regulatory interactions existed in the common ancestor of the melanogaster group, and perhaps in a common ancestor of the melanogaster and obscura groups. The reason for the uncertainty between these two nodes (green arrows in Figure 7 ) is the surprising evidence for ABD-B regulation of the body CRE in D. subobscura (and D. pseudoobscura) . From mature adult phenotypes alone, one would not infer any sexually dimorphic abdominal pigmentation or regulation in the obscura group. However, in one member of the obscura species group (D. guanche), we have observed more intense pigmentation of the posterior segments (data not shown). Coupled with the discovery of a weak but functional ABD-B BS7 binding site and ABD-B responsiveness of the D. subobscura body CRE, these observations suggest that ABD-B regulated yellow expression and pigmentation in an ancestor of the obscura group. These results underscore the potential for knowledge of the underlying regulatory architecture of trait formation to inform evolutionary reconstructions beyond what is possible with phenotypes alone.
The absence of sexually dimorphic posterior pigmentation and the monomorphic expression of body CREs in groups outside of the melanogaster and obscura groups place the origin of male-specific pigmentation to within the clade consisting of the melanogaster and obscura species groups. The mechanism for the origin of elevated posterior pigmentation is evident from the functional dissection of the body CRE here-namely, via the gain of ABD-B binding sites and sites for any obligatory cofactors in a CRE that controlled expression of the yellow gene in the abdomen. This scenario for the gain of ABD-B regulation is conceptually identical to that which we have put forth for the co-option of extant transcription factors and CREs in the evolution of novel patterns of gene expression in the wing (Gompel et al., 2005) .
We find evidence for three different genetic mechanisms for the loss of male-specific pigmentation (Figure 7) . First, in D. kikkawai, the mutational inactivation of the key ABD-B binding site BS7 is sufficient to inactivate an otherwise functional element. Second, in D. bipectinata, a change in the regulation of the bab locus from dimorphic to monomorphic expression is sufficient to account for the evolutionary loss of male-specific pigmentation (while the body CRE has retained responsiveness to Abd-B). And third, in D. santomea, the sexually dimorphic activity of the D. santomea body CRE in D. melanogaster, the perfect conservation of ABD-B sites, and the conserved dimorphic bab expression pattern in D. santomea indicate that none of these three regulatory interactions have changed in D. santomea; rather, evolutionary changes at other loci have been involved in the loss of pigmentation (Llopart et al., 2002; Carbone et al., 2005) . The frequent loss of pigmentation patterns suggests that evolutionary loss of parts of regulatory circuits may be fairly common (Prud'homme et al., 2006) .
Microevolution, Macroevolution, and Hox Genes
One of the longstanding goals of evolutionary biology has been to identify genetic events responsible for morphological change and to elucidate how changes at the molecular level translate into phenotypic diversity. In recent years, two distinct approaches have been taken to meet this goal. The first has been comparative studies of gene expression during development, which have identified correlations between the deployment of regulatory genes, particularly Hox genes, and differences in morphology. The second approach has been direct genetic analysis of intraspecific variation and interspecific differences. For many years, these two approaches have been far apart because of their different scales of analysis. Most comparative studies have focused on slowly evolving traits among higher taxa, and genetic analyses have been necessarily restricted to species that produce fertile hybrids, among which the type and extent of morphological variation is much more limited (Stern, 2000) . The question has remained open in some minds as to whether the mechanisms that produce morphological variation and divergence at the species level are sufficient to explain the larger-scale divergences at higher taxonomic levels.
Our approach to bridging this gap between comparative embryology and evolutionary genetics has been to analyze The pigmentation patterns, BAB expression patterns, and body CRE-driven reporter expression patterns in A5 and A6 are mapped onto a phylogeny of the species studied here. In the right column, the presence or absence of Abd-B-mediated activation of yellow expression is represented by + or À symbols. We infer that ABD-B regulation of yellow evolved in a common ancestor of the melanogaster and obscura species groups or the melanogaster species group (green arrows to black bars). We further suggest three different molecular mechanisms underlying the loss of male-specific pigmentation in different monomorphic lineages that descended from a common ancestor with male-specific pigmentation: a loss of dimorphic bab regulation in D. bipectinata (black oval), a loss of ABD-B regulation of yellow (and probably other pigmentation genes) in D. kikkawai (teal oval), and a loss of pigmentation through other loci in D. santomea. If the common ancestor of the melanogaster and obscura groups had male-specific pigmentation, as we have inferred, then the pigmentation patterns of the obscura group represent another mode of modification of this pattern that included some reduction of ABD-B regulation. more rapidly evolving characters. Because of the major influence that the comparative study of Hox genes and Hoxregulated structures has had to date in evolutionary developmental biology, the demonstration of the evolution of a direct Hox-regulated trait and target gene among closely related Drosophila species should help address concerns about the extrapolation of microevolutionary processes to macroevolution. We see here, in the evolution of segmental pigmentation and the molecular mechanisms of the evolutionary gain and loss of Hox target regulation among closely related species, the very sort of process that has been proposed to explain the large-scale divergence of homologous structures over much greater evolutionary distances (Warren et al., 1994; Carroll, 2000) .
EXPERIMENTAL PROCEDURES

Drosophila Strains and Culturing
We used the Canton S strain as the wild-type form of D. melanogaster.
The bab Ar07 allele is null for both bab1 and bab2 genes (Couderc et al., 2002 
Abdominal Cuticle Preparations
Flies (3-4 days old) were killed in ethanol and incubated in 10% KOH solution for 1 hr at 65ºC. Adult abdominal cuticles were cut along the dorsal midline and mounted with a drop of Hoyer's medium (Ashburner, 1989) . The cuticles were flattened with a coverslip and incubated for 3 hr at 65ºC.
Reporter Constructs of D. melanogaster All reporter plasmids for transgenic flies were made by polymerase chain reaction (PCR) and/or restriction-enzyme-based strategies. For the wb and body constructs, a 2.6 kb fragment located between À2869 and À269 and a 1.6 kb fragment located between À1867 and À269 from the transcription start site (+1), respectively, were subcloned into the pH-Stinger vector carrying nuclear EGFP ( Figure 1A and Figure 2A ; Barolo et al., 2004) . Serially deleted constructs for six subregions of the body element (BED1-BED6) and seven overlapping constructs were made as represented in Figure 2 . Each subregion is indicated in Figure S3 .
Imaging EGFP Signal
For imaging EGFP expression in the pupal abdomens, pupae (85-90 hr after puparium formation) were dissected from their pupal cases and mounted in Halocarbon 700 oil. Oil-saturated pupae were imaged on a Bio-Rad MRC 1024 confocal microscope.
Protein Production and DNA Binding Assays
The DNA sequence encoding the ABD-B HD was amplified by PCR from an Abd-B cDNA plasmid (a gift from W. McGinnis) and the following EcoRI or XhoI site-containing primers: ABD-B HD forward primer, 5 0 -CGGAATTCGTGTCCGTCCGGAAAAAGCGCA-3 0 ; reverse primer, 5 0 -CGCTCGAGTCAGTTGTTGTTGTTCTGCTGATTG-3 0 . Amplified products were subcloned into the pGEX-4T-1 expression vector (Pharmacia Biotech, Inc.) and then verified by sequencing. The purification of recombinant proteins was performed as described previously (Frangioni and Neel, 1993). The final concentrations of N-laurylsarcosine and Triton X-100 in STE buffer were 1.5% and 2.0% respectively. The purified ABD-B HD proteins were used to conduct DNase I footprinting experiments as described previously (Hersh and Carroll, 2005) Degenerate PCR products were subcloned into the pGEM-T Easy vector (Promega), and five clones from four independent PCR reactions were sequenced. Based on sequence alignment using DIALIGN, each orthologous body element was subcloned into pH-Stinger vector in a multistep process. For the sub body construct, the PCR reaction was performed with a D. subobscura genomic plasmid (Wittkopp et al., 2002b ) and the following XbaI or BamHI site-containing primers: forward primer, 5 0 -GCTCTAGATCCGAAACAAGTGCAATTTCT-3 0 ; reverse primer, 5 0 -CGGGATCCTTGCTCTCTGAGGCAGTTTTT-3 0 . Amplified product was subcloned into pH-Stinger vector and verified by sequencing. Mutations of the native body elements shown in Figures  6C-6E were generated by PCR. For all constructs, a minimum of four independent lines were examined.
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